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Abstract: Chloroperoxidase-catalyzed enantiospecific epoxidations of olefins are of significant
biotechnological interest. Typical enantiomeric excesses are in the range of 66%–97% and translate
into free energy differences on the order of 1 kcal/mol. These differences are generally attributed to
the effect of the distal pocket. In this paper, we show that the influence of the proximal pocket on the
electron transfer mechanism in the rate-limiting event may be just as significant for a quantitatively
accurate account of the experimentally-measured enantiospecificities.
Keywords: heme-thiolate enzymes; chloroperoxidase; cytochrome P450; Compound I; proximal
pocket; hydrogen bonding; helix dipole; catalytic reactivity; epoxidation; density functional theory

1. Introduction
Chloroperoxidase (CPO), an enzyme secreted by the marine fungus Caldariomyces fumago, is a
glycosylated heme-thiolate protein known for its exceptional versatility [1]. Along with its native
function of halogenating organic substrates using chloride, bromide and iodide ions [2–4], CPO is
also capable of many promiscuous activities, including peroxidase, catalase and cytochrome P450
(P450) types of reactions [1]. CPO-catalyzed reactions are of biotechnological and environmental
importance [5], therefore attracting current research interest on both the experimental [6–14] and
theoretical sides [15–21]. The catalytic cycle requires a two-electron oxidation of the ferric heme center,
using hydrogen peroxide or other suitable peroxide, and the glutamic acid side chain (E183 ) in the
distal pocket as a general acid-base catalyst, to form Compound I (CPO-I), a highly reactive oxyferryl
porphyrin π-cation radical intermediate [15,20,22,23]. This first step is followed by the oxidation of a
substrate, and the reaction cycle ends as CPO regains the native state.
The active center of CPO has both peroxidase and P450 features: like a peroxidase, CPO has
a polar pocket on the distal side of the heme; like P450, CPO possesses a cysteine-derived thiolate
axial ligand on the proximal side [24]. CPO’s distal pocket is connected to the protein surface by a
roughly 10-Å wide channel, similar to P450s’ and with no analog in peroxidases [24,25]. In a previous
computational study, we showed that CPO has the ability to mimic both peroxidase-like and P450-like
distal pockets to tune the catalytic efficiency [18]. A key for the oxidative catalytic functions of CPO and
P450s is the proximal thiolate ligand [24,26], which is a strong electron donor “pushing” electrons [27].
It took more than fifty years from the discovery of P450-type chemistry to establish that the “push” of
the proximal thiolate results in a trade-off between the redox potential of the heme active center and
the basicity of a distal axial ligand and, hence, constitutes a smart adaptation to the different stages of
the reaction cycle [28,29], facilitating both O–O bond scission of a ferric hydroperoxy species [15,20,30]
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binding site controls enantiospecificity by providing steric or specific interactions. In this paper,
we shall show that in the case of CPO-catalyzed epoxidation of CBMS, the effect of the proximal
pocket on the enantiospecificity is of the same order of magnitude (~1.0 kcal/mol) as that of the distal
pocket. Thus, it is possible that the effect of the proximal environment on the enantiospecificity of a
heme-thiolate catalyzed epoxidation reaction may be significant. The underlying reason for this is
that the secondary coordination sphere of the proximal thiolate and the dipole of the proximal helix
determine the preferred electron transfer mechanism for the rate-limiting event. We found that in the
case of CPO-I catalyzed epoxidation of CBMS, electron transfer to different oxyferryl π* orbitals results
in the energy splitting of the transition states leading to the 1R2S and 1S2R product epoxides. This
difference was not observed when the heme thiolate’s secondary coordination sphere and the proximal
helix were included in the model. In this case, the proximal NH–S bonds and helix dipole reduce the
electron donating properties of the proximal thiolate. This reduction in electron donation, in effect an
electron withdrawal, is greater for π than for σ orbitals and results in the electron transfer being to
the a2u +σS rather than to a π* orbital. Due to this change in the electron transfer mechanism, the 1R2S
and 1S2R prechiral transition states become degenerate. We conclude that for heme-thiolate enzymes,
the effect of the secondary coordination sphere and of the proximal helix on the electron-donating
properties of the proximal thiolate ligand has to be included to provide quantitatively reliable energy
differences for prechiral transition states.
Our work employs model systems, described in the Computational Methods section, chosen to
isolate the influence of the heme thiolate’s secondary coordination sphere and the proximal helix on
CPO-I catalyzed epoxidation of CBMS. Thus, the model systems do not explicitly represent the distal
binding pocket. We note that a large amount of conformational sampling is needed to quantify the
influence of protein-CBMS steric interactions directly within meaningful margins of error. This is
because steric interactions can fluctuate substantially relative to the small energy differences causing
the enantiomeric excess. Our model-system approach allows us to focus on the influence of the
proximal region without the conformational sampling issue.
2. Computational Details
2.1. Methods
Unrestricted DFT calculations of the doublet spin surfaces were carried out without symmetry
restrictions using the B3LYP [55,56] hybrid density functional (UB3LYP) with the LANL2DZ effective
core potential (ECP) double-ζ basis set for Fe [57] and the 6-31G* basis set for H, C, N, O [58] and S [59]
atoms (basis set B0) using NWChem 6.1 software [60]. The stability of the density functions obtained
was checked with the B0 basis set using Gaussian-09 [61]. The LANL2TZ + ECP triple-ζ basis set for
Fe [62] and the 6-311++G** basis set for H, C, N, O [63] and S [64] atoms (basis set B1) were used for
energy refinement. Frequency calculations with basis set B0 were used to obtain zero point energy
(ZPE) corrections, which are included in the energies of all stationary points given. Natural population
analysis [65] (NPA) of spin/charge densities was carried out using NBO 6.0 software [66].
2.2. CPO-I Models
CPO-I was modeled as an R´ -Fe4+ O2´ (N4 C20 H12 )´ species in which the heme moiety lacks the
vinyl and propionate side chains. This 43-atom model of CPO-I, CPO-I-A, employed R´ = (SCH3 )´
(Figure 2) and constitutes the thiolate model, which lacks the axial sulfur’s secondary coordination
sphere and the proximal helix. The simulations of CPO-I-A were performed without geometric
constraints. All transition state structures have one imaginary normal mode frequency, while all stable
structures have only positive, real frequencies.
The CPO-I model used to study the proximal pocket effect (CPO-I-B) employed the
R´ = CH3 –NH–Asn–Leu–Ala–Pro–Cys´ –Pro–Ala–CO–CH3 peptide fragment (Figure 2B), which
includes the proximal amino acid residues having Cα atoms within 8 Å of the proximal sulfur. Model
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B consists of 141 atoms and includes the secondary coordination sphere of the axial sulfur provided by
the A31 :NH-C29 :S and L32 :NH-C29 :S hydrogen bonds and the immediate steric environment of the axial
sulfur, as well as the proximal α-helix. The proximal α-helix was included so that the dipole moment
deriving from the C29 :CO–N33 :NH and P30 :CO–A34 :NH backbone hydrogen bonds is represented in
the model. The full proximal α-helix of CPO has 3 more hydrogen bonds formed by the backbone of
residues 35 to 38. These residues were not included due to computer resource limitations. Thus, the
effect of the proximal helix dipole in our Model System B represents a lower bound to the actual effect.
The proximal peptide fragment of CPO-I-B was constrained to maintain backbone and side-chain
hydrogen bonds, backbone φ,ψ dihedrals and the orientation of the proximal helix relative to the
heme moiety as in the crystal structure of CPO (PDB Code 1CPO) [24]. The stationary points of the
CBMS/CPO-I-B reactant and transition state complexes have extra normal modes with imaginary
frequencies caused by these constraints. The NH–S hydrogen bonds were not constrained. The details
of the constraints applied are given in the Supplementary Materials (SM) (Data S1).
2.3. Initial Structures for 1R2S and 1S2R CPO-I/CBMS Transition State Complexes
For both Models A and B, the C4 rotational symmetry of the porphyrin moiety results in four
CPO-I/CBMS transition state complex conformations that are nearly degenerate in energy. In our
previous work, we developed a molecular mechanics (MM) parameterization of the transition state
using the quantum mechanics to molecular mechanics (Q2MM) method [67] and used it to dock the low
spin CPO-I/CBMS transition state complex into the apoenzyme scaffold of CPO [18]. It was found that
three of the four possible 1S2R CPO-I/CBMS transition state conformations were unrealistic because of
significant steric overlap between CBMS and the distal pocket residues [18]. In this work, we used the
same method to carry out the docking of four possible 1R2S CPO-I/CBMS low spin prechiral transition
state conformations and found that, as for the 1S2R pathway, only one conformation is allowed by
the steric restrictions of the distal pocket (Figure S1). The Cartesian coordinates of the 1R2S and 1S2R
docked structures are given in the SM (Data S2A). The pertinent portions of these structures were used
to initiate the fully quantum mechanical (QM) transition state searches on Model Systems A and B.
The Cartesian coordinates of all stationary points are given in the SM (Data S2B).
3. Results
We have shown previously that, on the doublet surface, the epoxidation reaction takes place in
two steps. The first and rate-limiting step is the formation of the Cβ –O bond, which is followed by
the facile formation of the Cβ –O bond and ring closure [18]. The UB3LYP/B1//B0 potential energy
surfaces (PES) connecting the reactant state (R) and the rate-limiting transition state (TS) leading
to the formation of a Cβ –O bond were calculated for the doublet 1R2S pathway of CPO-I-A and
CPO-I-B catalyzed epoxidation of CBMS. The transition states were found by scanning the Cβ –O
distance followed by saddle-point optimization. The reactant states were found by optimizing along
the transition mode of the TS in the direction of increasing Cβ –O distance. The results calculated here
for the 1R2S pathway were compared to those for 1S2R from our previous work [21]. For both Models
A and B of CPO-I, the reactant states leading to the 1R2S and 1S2R products are CPO-I + CBMS bound
complexes degenerate in energy and characterized by the weak interaction of the methyl group of
CBMS and the oxygen of CPO-I; the transition states are the results of the oxyferryl radical attack
on the C=C double bond of the substrate (Figures 3 and 4). The natural spin densities and charges
(Table 1) show that the 1R2S and 1S2R electron transfer mechanisms are identical. Furthermore, the
1R2S spin densities and charges confirm our previous result for the 1S2R reaction [21], namely that
for the CPO-I-B model the rate-limiting kinetic event is an electron transfer from the C=C π bond
to the a2u +σS thiolate-porphyrin orbital, while for the bare-thiolate CPO-I-A model, the electron is
transferred to one of the oxyferryl π* orbitals. The important bond lengths of the stationary points are
given in Table 1. The PESs and optimized structures for CPO-I-A and CPO-I-B catalyzed epoxidation
of CBMS are shown in Figures 3 and 4, respectively. The PESs include ZPE corrections calculated
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at the UB3LYP/B0 level. For the bare-thiolate model, CPO-I-A, the calculations show that the 1R2S
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Table 1. Natural group spin densities/charges and bond lengths (Å) of the optimized structures on the doublet spin potential energy surfaces (PES).
Natural Spin Densities/Natural Atomic Charges
S–R

Por

Fe

O

Cβ H

Cα H

Bond Lengths
R1

+

R2

+

S–Fe

Fe–O

O–Cβ

1S2R
R

A
B

´0.75/´0.05
´0.60/´0.27

´0.30/´0.49
´0.50/´0.32

1.10/0.91
1.15/0.95

0.95/´0.37
0.95/´0.36

0.00/0.06
0.00/0.06

0.00/´0.03
0.00/´0.03

0.00/´0.05
0.00/´0.05

0.00/0.02
0.00/0.02

2.619
2.776

1.623
1.619

–
–

TS

A
B

´0.70/´0.08
´0.30/´0.40

´0.30/´0.58
´0.25/´0.51

0.95/0.90
1.40/0.96

0.75/´0.44
0.50/´0.42

´0.10/0.15
´0.05/0.18

0.30/0.04
´0.20/0.08

0.10/´0.02
´0.10/0.07

0.00/0.03
0.00/0.04

2.554
2.570

1.705
1.658

1.985
2.099

R

A
B

´0.76/´0.05
´0.59/´0.27

´0.30/´0.49
´0.48/´0.32

1.10/0.91
1.15/0.95

0.96/´0.37
0.95/´0.36

0.00/0.06
0.00/0.06

0.00/´0.03
0.00/´0.03

0.00/´0.05
0.00/´0.05

0.00/0.02
0.00/0.02

2.624
2.776

1.623
1.619

–
–

TS

A
B

´0.65/´0.08
´0.30/´0.41

´0.28/´0.59
´0.26/´0.50

0.91/0.89
1.38/0.96

0.76/´0.43
0.52/´0.42

´0.11/0.15
´0.06/0.18

0.27/0.05
´0.17/0.08

0.10/´0.01
´0.11/0.07

0.00/0.03
0.00/0.04

2.512
2.576

1.702
1.658

1.996
2.116

1R2S

S-R: proximal sulfur together with rest of R— moiety (SCH3 for model A; sulfur with proximal helix for model B); Por: porphyrin; R1 + : benzylic group of CBMS; R2 + : methyl group
of CBMS.
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4. Discussion
The experimentally-measured enantiomeric excesses of CPO-catalyzed epoxidations of various
alkenes vary in the range 66%–97% [52]. This translates into free energy differences of ~0–3 kcal/mol
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5. Conclusions
For heme-thiolate enzymes, contrary to the general understanding, the proximal region can have
nearly as great an effect on the enantiospecificity of the epoxidation reaction as the distal region.
This is possible because the proximal pocket determines the preferred electron transfer mechanism,
which is either to the a2u +σS orbital or to one of the π* orbitals. The latter case allows an interplay
of the substrate orientation in the distal pocket with the asymmetry of π-donation by the proximal
thiolate. In the case of CPO, the calculated 1 kcal/mol difference in favor of the 1R2S enantiomer
for the bare-thiolate (CPO-I-A) catalyzed epoxidation of CBMS on the low spin surface results in a
difference of ~3 kcal/mol with respect to the experimental value of 1.96 kcal/mol in favor of the 1S2R
epoxide product, determined from the enantiomeric excess [52]. The experimental value reflects the
total effect of the enzyme in favor of the 1S2R channel. The results for CPO-I-B catalyzed epoxidation
of CBMS show that ~1 kcal/mol out of the net ~3 kcal/mol difference is due to the combined influence
of the proximal thiolate’s secondary coordination sphere (especially NH–S hydrogen bonding) and
the proximal helix dipole. The inclusion of these factors reproduces the correct electron transfer
mechanism. The remaining ~2 kcal/mol presumably reflects the net influence of the distal pocket.
Since the expected effect of the distal and proximal pockets of CPO are of the same order of magnitude,
we conclude that proper modeling of the proximal pocket is necessary to correctly calculate the
enantiospecificities of heme-thiolate-catalyzed epoxidations.
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